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Electrically active defects have a significant impact on the performance of electronic devices based on
wide-band-gap materials. This issue is ubiquitous in diamond science and technology, since the presence
of charge traps in the active regions of different classes of diamond-based devices (detectors, power diodes,
transistors) can significantly affect their performance, due to the formation of space charge, memory
effects, and the degradation of the electronic response associated with radiation-induced damage. Among
the most common defects in diamond, the nitrogen-vacancy (N-V) center possesses unique spin properties
that enable high-sensitivity field sensing at the nanoscale. Here, we demonstrate that N-V ensembles can
be successfully exploited to perform direct local mapping of the internal electric-field distribution of a
graphite-diamond-graphite junction exhibiting electrical properties dominated by trap- and space-charge-
related conduction mechanisms. By means of optically detected magnetic resonance measurements, we
performed both point-by-point readout and spatial mapping of the electric field in the active region at
different bias voltages. In this novel “self-diagnostic” approach, defect complexes represent not only the
source of detrimental space-charge effects but also a unique tool for their direct investigation, by provid-
ing an insight on the conduction mechanisms that could not be inferred in previous studies on the basis of
conventional electrical and optical characterization techniques.
DOI: 10.1103/PhysRevApplied.10.014024
I. INTRODUCTION
Diamond is an appealing material for the development
of innovative devices, such as high-power and fast elec-
tronics [1–4], radiation dosimeters [5,6] and detectors
[7,8], biosensors [9–11], and, more recently, integrated
platforms for quantum technologies [10–15]. For these
applications, a major issue to be addressed in the opti-
mization of device performance is represented by the
effect of lattice defects with deep levels in the diamond
energy gap acting as charge carrier traps. It has been
extensively reported that the introduction of carrier traps
caused by the interaction with energetic radiation induces
electric-field inhomogeneities and polarization or mem-
ory effects in the material [16–18]. In previous works,
these effects have been widely investigated by the analy-
sis of current-voltage characteristics exhibiting complex
*forneris@to.infn.it
non-Ohmic behavior, elucidating several conduction mod-
els ranging from space-charge-limited current (SCLC)
to Poole-Frenkel (PF) mechanisms [19–22]. Comple-
mentarily, ion, electron, x-ray, and visible beam-induced
charge microscopies allow the mapping of the charge-
transport parameters of diamond at the microscale [18,
23–26]. Although insightful, these techniques cannot pro-
vide direct and unambiguous experimental evidence of
the local electric-field distribution in the defective mate-
rial but, rather, need to model it by means of simpli-
fied finite-element methods. Among the large variety of
lattice defects in diamond, the nitrogen-vacancy com-
plex (N-V center) has emerged as a system characterized
by unique spin properties, enabling magnetic-, thermal-,
and electric-field sensing with high sensitivity and spa-
tial resolution [27–32]. The very same N-V centers that
are created (among other types of defect complexes)
by radiation damage [33] can be therefore exploited to
locally investigate the internal electric-field distribution
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FIG. 1. (a) Schematic rep-
resentation (not to scale) of
the graphite-diamond-graphite
junction. (b) Optical micrograph
of the junction. The active
region between the graphitic
electrodes is highlighted. (c)
Monte Carlo simulation of the
vacancy-density depth profile of
diamond irradiated with 6-MeV
C ions at a fluence of 4× 1016
cm−2 [35]. The region highlighted
in red corresponds to the layer
converted to a graphitic phase
upon thermal annealing of the
irradiated substrate. (d) Schematic
representation (to scale) of the
crosssection of the device, high-
lighting the depth and thickness
of the graphitic electrodes and
the presence of a defective region
in the active region. The region
highlighted in green indicates the
∼1-µm-thick focal plane probed
by the confocal microscope.
of the irradiated devices [32,34]. In this work, we show
that the optically detected magnetic resonance (ODMR)
readout of the electronic spin from ensembles of N-V
centers can be usefully exploited to map the internal
electric-field distribution in defective diamond, in order
to diagnose the effects of electrically active traps. For
this purpose, we employed a graphite-diamond-graphite
junction fabricated by means of MeV ion-beam lithog-
raphy [22]. Strong local electric fields were applied
in the micrometer-sized diamond region between the
graphitic electrodes, containing a ∼1015 cm−3 density
of radiation-induced defects, including electrically active
carrier traps. In this self-diagnostic approach, it was
thus possible to investigate the space-charge buildup and
the local electric-field distribution under different biasing
conditions.
II. DEVICE FABRICATION AND EXPERIMENTAL
SETUP
We investigated a graphite-diamond-graphite junction
embedded in a chemical-vapor-deposited optical-grade
type-IIa single-crystal substrate supplied by ElementSix
Ltd, cut along the 〈100〉 orientation [Fig. 1(a)]. The struc-
ture consists of two ∼15-µm-wide 100-µm-long graphitic
microelectrodes elongated in the 〈100〉 crystal direction,
whose endpoints are spaced by a ∼9-µm active region [an
optical micrograph is shown in Fig. 1(b)]. The electrodes
were fabricated in a planar geometry by raster-scanning
a ∼5-µm-sized 6-MeV-C3+ beam, as explained in detail
in previous works [22,35]. The implantation fluence was
chosen to ensure the amorphization of a diamond layer at
the end of the ion range [∼2.7 µm; see Fig. 1(c)] [36],
where the irradiation-induced vacancy density exceeded
a graphitization threshold [37,38] for MeV ions, resulting
in the conversion of a ∼0.5-µm-thick layer to a graphitic
phase by a subsequent thermal annealing. Further exper-
imental details on the fabrication process are given in
Appendix C.
The ion microbeam fabrication also resulted in the
implantation of a halo of stray ions surrounding the graphi-
tized layers [Fig. 1(d)] and located mainly on a plane at
the same depth as that of the graphitic electrodes. The size
of such a defect distribution is comparable with the active
region and associated with a vacancy density of ∼1× 1022
cm−3, as estimated in previous works [22,35]. Such a value
is below the graphitization threshold for subsuperficial ion
implantations but high enough to promote the formation of
a high concentration of N-V centers upon thermal anneal-
ing [33], as well as to introduce other types of defects
and carrier traps, such as the B-band and interstitial-related
defects [22]. The N-V concentration is estimated to be
proportional to the density of vacancies introduced in the
diamond lattice [see Fig. 1(c)] and to be of the order of
103–104 centers/µm3 at the end of the ion range in dia-
mond [22]. This value has to be compared with the typical
concentration of ∼102 centers/µm3 in a pristine optical-
grade substrate [39]. The lattice structure was not fully
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recovered by the thermal treatment and the overall trap
concentration in the junction was quantified as ∼2× 1015
cm−3 by previous electrical characterization [35].
Photoluminescence (PL) and ODMR measurements
were performed by mapping the graphite-diamond-
graphite junction across a plane parallel to the sample
surface. The focal plane was set to coincide with the end
of the 6-MeV C3+ range, i.e., where the concentration
of radiation-induced defects and N-V centers is maximal.
The measured signal was therefore averaged along a focal
depth of ∼1 µm, i.e., comparable with the thickness of the
graphitic electrodes [see Fig. 1(d)].
III. RESULTS AND DISCUSSION
A. Electrical characterization
The room-temperature current-voltage characteristics of
the junction are presented in Fig. 2 in the same voltage
ranges as explored in the ODMR measurements [22,35].
The curve exhibits an Ohmic trend up to a voltage thresh-
old (VT ∼+250 V), at which the space-charge density
starts affecting the conduction mechanism and a devi-
ation from the linear trend is observed. In accordance
with the SCLC model [22,34], this deviation is associ-
ated with the progressive filling of traps by the electrons
injected in the active region [38] and leads to the tran-
sition to a high-current regime (>10 µA) at voltages
larger than a critical value VC (∼+330 V). At higher
bias voltages, the superlinear dependence of the current
on the applied bias is compatible with the PF conduction
model [40].
According to the SCLC model, the current is limited at
biases in the VT <V<VC range by a counter-field built
by the progressive filling of traps by carriers injected in
the active region of the junction [41]. Such an interpreta-
tion is based on a unipolar conduction mechanism [42] and
FIG. 2. Current-voltage characteristic of the junction; the
threshold and critical bias voltages (VT and VC, respectively) are
marked by dashed vertical lines.
is consistent with several experimental features observed
over repeated measurement cycles, i.e., different slopes in
the current-voltage curves under polarity reversal (Fig. 2),
a progressive conversion of the N-V centers to a negative
charge state at increasing currents [22], a decrease in the
critical voltage at increasing temperatures [35], a marginal
variability of a few volts in the value of VC from different
experimental runs [35], and a pronounced current-voltage
hysteresis at decreasing bias voltages [15].
B. ODMR spectra at variable applied bias voltage
The PL mapping at zero bias voltage of the regions
located above the electrodes [Fig. 3(a)] exhibits an intense
emission from the regions directly above the electrodes,
which is determined by N-V centers and other optically
active radiation-induced defects located between the sam-
ple surface and the graphitic layer. Conversely, the PL
emission from the active region is largely dominated by
N-V ensembles [22]. The peculiar spin properties of the
negatively charged N-V center were exploited to obtain a
direct measurement of the local electric field in the active
region of the device by means of ODMR. The technique
is extensively described in Refs. [43–49], and the basic
principles applied in this work to electric-field sensing are
summarized in Appendix A.
Before the ODMR measurements, the junction under-
went multiple voltage sweeps in the 0 to +200 V range,
resulting in the buildup of a space charge in the active
region. In Fig. 3(e), the label [C] identifies the initial
“charged” state of the junction at zero bias voltage. Sub-
sequently, ODMR spectra were acquired at increasing bias
voltages from 0 to +350 V at the fixed position labeled
by the green spot in Fig. 3(a): this first voltage sweep is
indicated in Fig. 3(e) by the arrow labeled as (1). A sec-
ond bias-voltage sweep from 0 to −105 V [labeled as
(3)] was subsequently acquired from the same spot after
the bias voltage had reverted to zero [label (2)]. Each
ODMR spectrum displays two dips at the characteristic
resonance frequencies for N-V− centers, with a splitting
value that is systematically dependent on the strength of
the local electric field, as is clearly visible in Fig. 3(b),
which reports in color scale (encoding the normalized
PL intensity) the series of acquired ODMR spectra as a
function of the bias voltage. The observation of two res-
onances in the recorded ODMR spectra is consistent with
the geometry of the junction, since the electric field within
the active region is mainly parallel to the axis joining
the graphitic electrodes, i.e., the 〈100〉 crystal direction
[Fig. (3a)]. It is worth noting that the ODMR spectra
were acquired from a ∼1-µm-thick focal plane centered at
the electrode depth. For this reason, the ODMR measure-
ment results from an average of the electric field sensed
by an ensemble of N-V centers over the above-mentioned
depth.
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FIG. 3. (a) PL map of the unbiased junction; the rectangular region highlighted by the dashed black line indicates the region where the
electric-field maps displayed in Fig. 6 were acquired; the green spot indicates the point where the ODMR spectra under applied voltage
displayed in (b) and (d) were acquired; the dashed red line indicates the scan along which the electric-field profile displayed in (c) was
measured. (b) Intensity-color-encoded and normalized ODMR spectra acquired during a voltage sweep from the position highlighted
by the green spot in (a). The black dashed line indicates the bias voltages VT corresponding to which the current-voltage characteristic
deviates from the linear trend (see Fig. 2). The black dotted line indicates the bias voltage VC corresponding to the transition to the
high-current regime (see Fig. 2). (c) ODMR resonances (top, black, and red data points) acquired along the red dashed line highlighted
in (a) at a bias voltage of −50 V. The dashed black line indicates the evaluated D frequency. The electric-field profile extracted from the
experimental data (bottom, black circles) is reported together with its numerical simulations based on a two-dimensional FEM model
in the presence of a local space charge, as discussed in Sec. III C. The blue line indicates the simulated profile obtained assuming a
space-charge extension u(V=−50 V)= 2.5 µm, in agreement with the data in Fig. 5(a). The blue dotted line represents the simulated
profile obtained including an additional space-charge effect due to diamond polarization, i.e., assuming u(V=−50 V)= 3 µm. (d)
Electric-field amplitude vs the applied bias voltage, as evaluated from the ODMR splitting measured at the point highlighted in green
in (a). (e) Layout of the voltage bias cycles performed on the junction and discussed in Secs. III B and III C. The arrows indicate the
temporal sequence of the operations.
In order to interpret the ODMR spectra according to
the Hamiltonian discussed in Appendix A, as well as to
provide an assessment of the electric field outside of the
central region, an ODMR scan was subsequently acquired
at −50 V applied bias [label (4) in Fig. 3(e)] along a
15-µm-long horizontal line [highlighted by the red dashed
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line in Fig. 3(a)] bisecting the active area of the junction.
The relevant fitted values of the ODMR resonances are
reported in Fig. 3(c).
The ODMR resonances were analyzed to estimate the
amplitude of the electric field according to the theoretical
framework reported in Eqs. (A3) and (A4) of Appendix
A. It is worth remarking that, as discussed above, the
ODMR resonance frequencies depend on both the ampli-
tude of the electric field and other additional effects, such
as (i) background magnetic fields, due to the fact that the
experimental setup was not shielded (ii) local tempera-
ture variations related to the injected current of the device
and (iii) local stress fields due to the mechanical distor-
tion of the diamond substrate related to the previous ion
implantation. These contributions to the measured ODMR
signals were suitably considered and deconvoluted from
the effect of interest in the present work, i.e., the mapping
of the electric-field distribution, as detailed in Appendix
B. The following section reports on the interpretation of
the obtained results upon such deconvolution.
C. Data discussion and numerical simulations
1. Voltage-dependent electric field at the center of the
active region
The transverse component of the electric field at the
probed spot was evaluated from the ODMR spectra accord-
ing to the procedure discussed in Appendix B, upon the
deconvolution of concurrent effects of background mag-
netic fields and local temperature or stress variations. Con-
sidering that the electric field is oriented along the 〈100〉
crystallographic direction, the four possible orientations of
the N-V defects form a α = 54.75° angle with the electric
field, and thus a fourfold degeneracy in the respective spin
resonances is expected. This observation is in line with the
presence of only two resonances in the ODMR spectra in
Fig. 3(b), indicating the degeneracy in the projection of the
electric-field vector on all the N-V center orientations. The
amplitude of the electric-field vector has therefore been
calculated as |E| =E⊥/sin(α).
The evaluated values of the electric-field amplitude
are reported in Fig. 3(c) for the horizontal profile along
the symmetry axis of the junction, and in Fig. 3(d) for
the voltage-dependent measurements acquired from the
probed spot at the center of the active region. The same
evaluation procedure has also been adopted to define the
electric-field maps discussed in the last section of this
work. Figure 3(d) reports the electric-field amplitude at
the point highlighted in green in Fig. 3(a) as a function of
the applied bias voltage. The scale on the right-hand verti-
cal axis indicates the evaluated resonance splitting 2WE =
2
{−k⊥P + [W2 − (μgB‖)2]1/2
}
associated with the nonax-
ial electric-field contribution, upon the deconvolution of
magnetic and stress fields discussed in Appendix A. For
applied bias voltages below VT, the electric field linearly
increases with the applied bias voltage at both polari-
ties, although starting from a nonzero value at the zero
bias voltage in the [C] configuration of the device [see
Fig. 3(e)]. However, its trend is not symmetric under
polarity reversal, in accordance with the nonsymmetrical
behavior of the current-voltage characteristics shown in
Fig. 1(c).
After a progressive deviation from the linear behavior
observed in the +125–245-V range, the estimated local
electric field reaches a maximum value at positive bias
voltages ranging between Vd/2 ∼ 200 V and VT ∼ 245 V.
At higher bias voltages, the electric field steadily decreases
up to V∼VC. While the few data points acquired at
bias voltages higher than VC suggest a new increase
[Figs. 3(b)–3(d)], the voltage dependence of the electric
field could not be adequately assessed in this conduction
regime, due to the concurrent electroluminescent emission
occurring from neutrally charged N-V0 centers [22], which
significantly decreased the ODMR contrast.
The overall nonmonotonic trend provides a direct
insight into the conduction mechanism occurring in the
active region [40]. In order to gain a deeper insight
into the operation of the junction, the experimental data
acquired at the central position of the active region [i.e.,
from the point highlighted in green in Fig. 3(a)] were
compared in Fig. 4(a) (black circles) to the results of
a one-dimensional finite-element-method (FEM) simu-
lation (black line) based on the solution of Laplace’s
equation. This numerical result was obtained by assuming
the absence of internal space charge and was performed
assuming a relative dielectric constant εr = 7.6 for the
defective substrate, as estimated in a previous electrical
characterization of the same device [35].
The electric-field estimation at positive bias voltages
(i.e., the first voltage sweep) differs significantly from the
FEM numerical predictions, suggesting that the prelim-
inary voltage sweeps carried on the sample before this
measurement produced a space-charge buildup near the
cathode, resulting in a significant increase of the inter-
nal electric field under positive polarity. The contribution
of the space charge to the electric field [Fig. 4(a), green
circles], estimated as the difference between the electric-
field amplitude evaluated from ODMR measurements and
the corresponding FEM-simulated value, has the same
nonmonotonic trend at increasing bias voltage, with a max-
imum centered at V∼Vd/2. This trend was interpreted
according to the simple model of the space-charge buildup
schematically represented in Fig. 4(b). While the absence
of local charge buildup is schematically represented in
Fig. 4(b,I), according to this model the extension of the
space charge u(V) increases with the bias voltage from
the cathode to the anode due to the progressive trapping
of electrons injected in the defective diamond. At low
bias voltages (i.e., at V<Vd/2), u(V) is smaller than d/2,
which corresponds to the distance between the probed spot
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FIG. 4. (a) Voltage-dependent electric-field amplitude as estimated from: (i) the ODMR spectra reported in Fig. 3(b) [black circles,
same data as in Fig. 3(d)] and (ii) a one-dimensional FEM numerical simulation in the absence of an internal space charge (black line).
The difference between the two trends (green circles) represents the electric field associated with the presence of an internal space
charge. The residual nonzero value of the electric field at zero bias voltage [configuration labeled as [C] in Fig. 3(e)] is a consequence
of previous biasing cycles performed on the junction. The dashed blue line represents the trend of the electric field as evaluated by
finite-element-method simulations. (b) Simplified model describing the contribution of a voltage-dependent internal space charge on
the electric field measured at the probed spot [green spot in Fig. 3(a)]. The presence of a space-charge distribution ρ1 between the
cathode and the probed spot boosts the internal electric field (II) with respect to the uncharged junction (I). An additional space charge
ρ2 between the probed spot and the anode (III) results in a partial screening of the electric field generated by the bias voltage and the
space charge ρ1 between the cathode and the probed spot.
and the cathode, d being the interelectrode distance [Fig.
4(b,II)]. As a consequence, the associated negative space-
charge density ρ1 produces an incremental electric field
E(ρ1) adding up to that generated by the bias voltage.
Conversely, when the extension of the space charge u(V)
is larger than d/2 [Fig. 4(b,III)], the internal electric field
is both incremented by the contribution E(ρ1) generated
by the fully charged region at x< d/2 and screened by the
term E(ρ2) related to the negative charge ρ2 progressively
extending between the probed spot (x= d/2) and the anode
(x> d/2).
2. Space-charge modeling
The suitability of the above-described model to pro-
vide an adequate description of the ODMR data acquired
at positive bias voltages was assessed by including a
space-charge distribution in the FEM simulations. The
source term ρ of the relevant Poisson’s equation was
defined assuming, for simplicity, that the space-charge
buildup results in the complete electron filling of a uniform
distribution of traps NT, with a gradually increasing exten-
sion u(V) from the cathode [Fig. 4(b)]. The u(V) extension
was therefore modeled with a step function (x), and
FIG. 5. (a) Extension from the cathode of the space-charge region as a function of the positive (black circles) and negative (red
circles) applied bias voltage. (b) Map of the space-charge distribution assumed as the source term for the two-dimensional FEM
simulation of the electrostatics of the junction at the bias voltage of −50 V. The green circle corresponds to the probed spot highlighted
in Fig. 3(a). (c) PL map of the junction. The dashed lines highlight the edges of the graphitic electrodes. (d) EL map acquired from the
same scan area under an applied bias voltage of +450 V.
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FIG. 6. (a),(b) Electric-field maps from the same regions
under −25 and 0 V applied bias voltage, respectively. A two-
dimensional FEM simulation of the electric-field amplitude dis-
tribution (c) at Vbias =−25 V and (d) at Vbias = 0 V assuming a
space-charge extension u(V)= 3 µm. The black lines represent
the isofield lines.
assumed to monotonically increase with the applied bias
to progressively fill the active region:
∇·E(x) = ρ(x)/(εrε0) = −qNTθ(u(V) − x)/(εrε0) (1)
The value of NT was first determined by matching the
value of the simulated electric field with the experimental
data, under the constraint that the space-charge exten-
sion reaches the probed spot x= d/2 at the bias voltage
V=Vd/2. This led to an estimation of the trap density
of NT = 1.67× 1016 cm−3, roughly an order of magni-
tude higher than was determined by a previous electrical
characterization of the junction under the assumption of
SCLC conduction [40,41]. After the determination of NT,
by matching the simulated and experimental values of the
electric-field amplitude [the dashed blue line in Fig. 4(a)
represents the simulated data], it was possible to derive
the voltage dependence of the space-charge extension,
as shown in Fig. 5(a) (black circles). The curve high-
lights a significant residual space-charge extension from
the unbiased device [u(V= 0)∼= 2 µm], which is ascribed
to the prior biasing of the junction. Indeed, the permanent
polarization due to the formation of persistent regions of
high-density space charge upon previous biasing is a well-
known effect in several types of diamond-based devices
[16–18,50,51].
3. Bias polarity reversal
The same approach was subsequently adopted to inves-
tigate the voltage-dependent space-charge buildup at
negative bias voltages. The red data points in Fig. 5(a)
correspond to the negative-voltage sweep labeled as (3) in
Fig. 3(e). Differently from the positive-voltage sweep, the
analysis yielded a negligible extension of the space-charge
region for the unbiased junction, as supported by the less
pronounced increase of the electric amplitude at increasing
applied bias. This result indicates that the operation of the
junction at Vbias >+VC in the PF conduction regime in the
previous voltage sweep resulted in a reset [label [R] in Fig.
3(e)] of the electron traps in the active region. This inter-
pretation is in agreement with the observation of a strong
electroluminescent emission at Vbias >+VC from neutral
N-V0 centers [22], which is typically interpreted as the con-
sequence of electron-hole-pair recombination at the defect
sites [15,52,53]. In this context, the concurrent injection
of both carrier species in the high-current regime is inter-
preted as the cause of a progressive trap-neutralization
process in the active region.
The u(V) dependence reported in Fig. 5(a) was also
exploited to carry a two-dimensional FEM simulation
of the horizontal profile of the electric-field amplitude
acquired at −50 V bias voltage after the (0–105)-V sweep
[label [4] in Fig. 3(e)]. A 5-µm lateral width of the space-
charge distribution [Fig. 5(b)] was assumed to achieve an
optimal agreement with the shape of the electric-field map
measurements discussed in the following. While a 5-µm
width could be somewhat counterintuitive, this value was
determined by analyzing the extension of the region of the
junction that displayed an intense emission in electrolumi-
nescence (EL) regime. Indeed, the comparison of confocal
maps acquired under PL and EL excitation [Figs. 5(c) and
5(d)] provides a strong indication that the carriers’ injec-
tion and subsequent trapping is prominently localized in
a relatively small section of the junction, where a ∼10
µA current is achieved at +450 V applied bias voltage.
It is therefore reasonable to expect that the space charge
is concentrated in the same volume where the trapping of
carriers occurs. The simulated profile is superimposed to
the experimental data in Fig. 3(c) (blue line). In consid-
eration of the adopted approximations and assumptions,
the simulated profile is in satisfactory agreement with the
experimental results, although with a systematic negative
offset of ∼60 kV cm−1, which is to be ascribed to the for-
mation of a new space-charge extension under increasing
device bias at negative voltages [label [C’] in Fig. 3(e)].
The proposed explanation is in line with the observation of
a residual space-charge-induced field during the first volt-
age sweep at increasing positive bias voltages [Fig. 3(d)].
To better appreciate this point, an additional simulation
of the electric-field amplitude profile along the horizon-
tal linescan is reported Fig. 3(c) (blue dotted line) under
the assumption that the space-charge extension u maintains
the maximum value achieved at the end of the negative-
bias-voltage sweep [configuration [C’] in Fig. 3(e)], i.e.,
u= 3 µm. The good agreement of the simulated electric-
field strength at the center of the active region indicates that
the space charge progressively formed upon an increase
of the applied voltage persists when the bias reverts to
zero. Furthermore, the profile along the symmetry axis of
the junction highlights the smooth variation in the electric
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field across the active region. In this case, the absence of
abrupt gradients in the electric-field profile suggests that
the peculiar voltage-dependent trend reported in Fig. 3(d)
is determined by a high density of carrier traps associ-
ated with the flow of a high current density through a
∼(1× 5)-µm2 section of the junction.
D. Electric-field mapping
In order to evaluate the spatial distribution of the
electric field in within the active region, ODMR maps
were acquired by raster-scanning the sample position over
the 5× 2 µm2 area highlighted by the black square in
Fig. 3(a). The measurements were carried after the sec-
ond voltage sweep, i.e., after having polarized the junc-
tion at Vbias =−105 V. To investigate possible polariza-
tion effects, a first map at Vbias =−25 V [label (5) in
Fig. 3(e)] was followed by a second one at Vbias = 0 V
[label (6)].
The local strength of the electric-field amplitude was
evaluated on a pixel-by-pixel basis at both bias-voltage
configurations according to Eq. (3), following the proce-
dure described in Appendix B. The resulting electric-field
maps are displayed in Figs. 6(a) and 6(b), and are to be
compared with the result of a FEM simulation [Figs. 6(c)
and 6(d)] performed according to the model in Sec. III C
[see Fig. 5(b)], where a u(−25 V)= u(0 V)= 3 µm exten-
sion of the space-charge distribution was considered to
describe the effects of the residual polarization in the active
region of the device.
The agreement between the experimental and simu-
lated electric-field maps is satisfactory, considering the
adopted approximations and assumptions. In particular,
the electric-field strength displays a significant increase
with increasing proximity to the space-charged region.
Indeed, the experimental data acquired at Vbias =−25 V
[Fig. 6(a), median map value 165± 14 kV cm−1] are in
line with the simulated electric-field strength and distri-
bution [Figs. 6(c) and 6(d)], under the assumption that
the same space charge observed during the negative-
voltage sweep at a bias of V=−105 V [Fig. 5(a)] is
still contributing to the electrostatic configuration of the
junction.
This effect represents a strong indication that the resid-
ual polarization originates from the negative-bias-voltage
sweep [labeled as [3] in Fig. 3(e)], which follows the eras-
ing [label (2)] of the internal space charge formed at large
positive bias voltages. In a consistent manner, this inter-
pretation is further strengthened by the significant residual
electric field observed at 0 V bias voltage [Fig. 6(b),
median map value 153± 11 kV cm−1], which supports the
initial assumption that a progressive charging of the active
region occurs upon each electric bias cycle.
IV. CONCLUSIONS
We have demonstrated that the ODMR readout from
ensembles of N-V centers allows the investigation of the
local effects of charged traps on the internal electric field
of a diamond-graphite-diamond junction. This analysis
has highlighted the formation of a space-charge distribu-
tion and has resulted in the direct observation of memory
effects associated with the sample biasing history. This
direct experimental insight represents significant progress
with respect to conventional approaches, in which complex
charge-transport dynamics in defective diamond have been
indirectly inferred on the basis of electrical and optical
characterizations [20–22].
In particular, the microscale mapping of the internal
electric field via ODMR has highlighted the strong persis-
tence of long-lived charged traps in ion-irradiated diamond
and provided a new insight into their role in the polar-
ization effects. These phenomena have been extensively
studied in the literature only by means of conventional
electrical characterization and current-transient detection
techniques [16–18,50,51], and have therefore been limited
to the macroscopic scale.
The availability of an experimental approach for the
direct measurement of the internal electric-field dis-
tribution is particularly appealing due to the enticing
electronic properties of diamond for emerging applica-
tions in radiation-harsh environments, where the under-
standing of the progressive modification of the internal
electric field in the devices’ active regions as a func-
tion of the lattice damage [7,54–56] is crucial. Further-
more, the availability of the proposed diagnostic method
would provide previously unavailable feedback for the
design and operation of diamond devices for several
technological applications, including beam monitors for
high-energy particle experiments [57–59], thin membranes
[17,60,61], light-emitting devices [53,62], Schottky-
barrier diodes [63,64], and dosimeters for clinical
treatments [65].
It is worth remarking that the results presented in this
work have relied on the ODMR analysis of the active
region of a graphite-diamond-graphite junction under cw
excitation. In view of the significant advances in both field
sensitivity and time-resolution achieved by pulsed ODMR
schemes [47,66–68] in recent years, we envisage the future
possibility of investigating transient fields and assessing
the space-charge buildup and reset over time, and concur-
rently providing direct identification of the trap species
based on their charging and discharging dynamics. Fur-
thermore, the future exploitation of advanced ODMR sens-
ing protocols [10,11,32,56,69,70] combined with the use
of new fabrication techniques for the creation of graphitic
nanochannels [71] opens up interesting perspectives for the
investigation of the effects of individual defects [33,72] in
diamond, with a potential impact on the development of
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integrated devices for quantum technologies. Finally, the
recent discovery of new classes of spin-sensitive defects
offering ODMR capabilities in different host materials with
appealing properties such as silicon carbide [73] could lead
to a wider application of the proposed diagnostic approach
to the development of solid-state devices for technological
applications.
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APPENDIX A: ELECTRIC-FIELD SENSING BY
THE ODMR TECHNIQUE
A simplified diagram reporting the energy levels of
the N-V center is shown in Fig. 7(a) [46]. The optical
excitation and subsequent radiative relaxation of the N-V
center (with zero-phonon emission at 638 nm and an addi-
tional phonon replica at higher wavelengths) result from
the main spin-preserving optical transitions [Fig. 3(a), red
arrows] between the ground state (3A2 symmetry) and
the 3E excited state, which are both spin triplets (s= 1)
[43,45,47].
An additional decay path [Fig. 7(a), dotted gray arrow]
involving a long-lived shelving state (not shown in the
figure) is available for the energy relaxation at a sig-
nificantly higher rate for the excited s=±1 spin states
with respect to the s= 0 one. This non-spin-preserving
path occurs through a nonradiative transition and results
in the relaxation of the system into the s= 0 state of the
3A2 ground level. As the lifetime of the shelving state
(250 ns [45]) is significantly higher than that of the direct
spin-preserving optical transition (∼12 ns [48]), a ∼30%
contrast in the photon-emission intensity exists between
the s=±1 and the s= 0 spin states, which can be exploited
to perform an optical readout of the N-V center’s spin
state [45].
Indeed, the degeneracy between the s= 0 and the s=±1
states is lifted by the fine-structure energy splitting hD for
the ground state [see Fig. A1(a), green arrow], taking into
account the electronic spin-spin interaction D0 ∼ 2.87GHz
(zero-field splitting in the following) plus additional con-
tributions due to interactions with external fields [43–45].
Specifically, the ODMR technique relies on the measure-
ment of the luminescence intensity as a function of the
frequency of a concurrent microwave excitation. This pro-
cedure enables the identification of the energy resonances
corresponding to the s= 0→ s=±1 transitions, which are
in turn accompanied by a luminescence intensity decrease
[Fig. A1(b)], thus providing a measurement of the fine-
structure shifts and of the sublevel splittings [Fig. A1(a),
blue arrow] associated with the interaction of the spin
states with external fields [43,44,46,49].
The Hamiltonian of the ground state of the N-V system,
describing the energy levels of the electronic spin states
due to the spin (S) interaction with the static magnetic
(B), electric (E), and strain (F) fields, can be written in
terms of the natural spin-triplet basis {|ms = 0〉 , |ms =+1〉,
|ms =−1〉 } in the following matrix form [32,43]:
Hˆs
h
=
⎛
⎜⎜⎜⎜⎜
⎝
0 −μgBx − iBy√
2
−μgBx + iBy√
2
−μgBx + iBy√
2
D + μgB|| −d⊥(Px − iPy)
−μgBx − iBy√
2
−d⊥(Px + iPy) D − μgB||
⎞
⎟⎟⎟⎟⎟
⎠
,
(A1)
where D=D0 + d||P|| describes the frequency shift of the
resonance lines resulting from the zero-field splitting and
from the Stark effect associated with the component of
the P=E+F vector parallel to the N-V axis, with cou-
pling constant d|| = 0.35HzV−1 [32]. The µgB|| term on
the matrix diagonal describes the Zeeman splitting of the
ODMR resonances (µ is the Bohr magneton and g is the
ground-state electronic g factor [43]), and indicates that
the natural-spin basis vectors are eigenstates of the Hamil-
tonian in the sole presence of the magnetic field aligned
with the N-V axis.
The presence of additional transverse (i.e., lying
in the x-y plane in the current notation) strain- and
electric-field components P⊥ (with coupling constant
d⊥ = 17HzV−1 cm [32]) modifies the ground-state hyper-
fine structure. The Hamiltonian assumes a quasidiagonal
form considering a new spin basis {|0〉, |+〉, |−〉}, obtained
by a field-dependent mixing of the |+1〉 and |−1〉 spin
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FIG. 7. (a) Schematic represen-
tation of the relevant energy lev-
els of the negatively charged N-V
center. (b) typical ODMR spec-
trum acquired at +25 V bias
voltage (black line). The fitting
curve (solid red) is superimposed,
together with the two correspond-
ing Lorentzian peaks.
states [44] according to the following unitary operator:
Uˆ =
⎛
⎝
1 0 0
0 eiφ/2 sin
(
θ
2
)
e−iφ/2 cos
(
θ
2
)
0 eiφ/2 cos
(
θ
2
) −e−iφ/2 sin ( θ2
)
⎞
⎠ , (A2)
where tan(ϕ)=Py/Px and tan(θ )= d⊥P⊥/(µgB||) are the
field-dependent phases defining the spin state mixing [44].
With further consideration of the quantity W,
W = [(μgB||)2 + (d⊥P⊥)2]1/2, (A3)
defined by imposing µgB|| =W cos(θ ), d⊥P⊥ =W sin(θ ),
the Hamiltonian in Eq. (A1) takes the following form in
the {|0〉 , |+〉 , |−〉 } basis:
Hˆd
h
= 1
h
UˆHˆsUˆ† =
⎛
⎜
⎝
0 c1μgB⊥ c2μgB⊥
c∗1μgB⊥ D + W 0
c∗2μgB⊥ 0 D − W
⎞
⎟
⎠ ,
(A4)
FIG. 8. (a),(b) Maps of the D parameter from the (5× 2)-µm2
region highlighted in Fig. 3(a), as evaluated from the ODMR
spectra on a pixel-by-pixel basis, under an applied bias voltage of
−25 and 0 V, respectively. (c) Difference in the D value between
the maps acquired at −25 and 0 V. (d) Corresponding value of the
local stress evaluated from the map acquired at −25 V applied
bias.
where c1 and c2 describe the relative phase of the matrix
elements and B⊥ is the transverse component of the mag-
netic field with respect to the axis of the N-V center. If an
ensemble of N-V centers, distributed according to all the
four possible orientations in the diamond lattice, is consid-
ered, we can assume that B⊥ ∼B|| and B2⊥/(DW) 
 1, i.e.,
the nondiagonal terms can be neglected and the Hamilto-
nian in Eq. (A3) can be regarded as diagonal in the basis
{|0〉 , |+〉 , |−〉 } [44]. It is worth noting that, since only
the ms =±1 states are involved in the spin-state mixing of
|+〉 and |−〉 in Eq. (A2), their resonant microwave-induced
transitions with the |0〉 state still result in a detectable PL
contrast, thus ensuring the suitability of the ODMR tech-
nique for electric- and strain-field sensing. Therefore, the
energy difference between the between the |0> and the
FIG. 9. (a) Color map of the volumetric stresses in the region
under study, due to volume expansion of the ion-implanted areas.
(b) Vacancy-density distribution along the dotted line in (a).
(c) Corresponding stress distribution (dashed blue line) to be
compared with experimental results deriving from the ODMR
measurements (red dots).
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|±> states is given by h (D±W), and the observed ODMR
resonances are separated by a 2W frequency splitting [Fig.
7(b)], which is determined by the strengths of the magnetic
(B), electric (E), and strain (F) fields, as well as their orien-
tations with respect to the axes of the N-V center, according
to Eq. (A3).
APPENDIX B: ANALYSIS OF THE ODMR
MEASUREMENTS
The transverse component of the electric field was
derived from the ODMR spectra through Eq. (A3) as
d⊥E⊥ = −k⊥	 + [W2 − (μgB||)2]1/2. (B1)
This operation relied on preliminary knowledge of the
B|| and 	 fields, whose analysis and quantification are
discussed in detail in the following subsections.
1. Magnetic field contribution
The coupling of the N-V center spin with the environ-
mental magnetic field results in the Zeeman splitting term
W1 = µB g B||, which does not contribute to the resonance
shift D [see Eqs. (A1)–(A3)]. The resonance splitting was
evaluated from the ODMR spectrum acquired at 0 V bias
before the voltage sweep at negative polarity [label [R]
in Fig. 3(e)], from the probed spot at the center of the
active region [green spot in Fig. 3(a)]. In the absence
of the external electric field, the relevant energy-splitting
term reduces to the sole contribution of the strain vec-
tor field P=F, and Eq. (B1) reduces to µgB|| = [(W)2 –
(d⊥F⊥)2]1/2. A 0.46-MHz increment in the zero-field split-
ting term W associated with the local radiation-induced
strain field (corresponding to a ∼0.24 GPa stress along the
〈100〉 crystallographic axis) was derived, as discussed in
more detail in the next subsection, leading to an estimation
of the µgB|| value of 1.09MHz, which in turn corresponds
to a 39 µT magnetic field. Due to the absence of a mag-
netic screening of the experimental setup, this value is
ascribed to the earth and environmental magnetic field and
is assumed to be constant in the whole region investigated
in this work. This assumption is supported by the fact that
any ferromagnetic component of the confocal microscopy
setup was left at a fixed position for the whole duration of
the measurements.
It is also worth noting that the magnetic field associated
with the current flowing in the active region of the device is
negligible, as it is well below the sensitivity of the exper-
imental setup operating in cw mode. Indeed, even under
the unrealistic assumption that a current of 10 µA (i.e., at
V=VC; see Fig. 2) is entirely flowing within a 1-µm dis-
tance (i.e., the focal point size) from the sensed position,
the induced magnetic field would be <200 nT, according
to the Biot-Savart law [33].
2. Evaluation of the internal stress
The mechanical stresses associated with the presence
of radiation-induced lattice damage [74] within the active
region of the junction are included in Eqs. (1)–(4) in the
effective electric-field vector P. The component of such a
vector parallel to the N-V center axis (i.e., P||) induces a
shift in the ODMR resonances. This term can be rewrit-
ten as d||P|| = d|| (F || +E||)= k|| 	 + d||E||, where 	 is the
strength of the stress field associated with the parallel lat-
tice strain and k|| = 14.6MHzGPa−1 is the experimental
value of the coupling constant along the N-V axis [46].
The electric-field coupling constant d|| = 0.35Hz cmV−1
is negligible with respect to k||, resulting in the approxi-
mated expression D∼=D0 + k||	.
In order to experimentally assess the value of D0 (i.e.,
the D value in absence of mechanical stresses), we esti-
mated the D value from the ODMR spectrum acquired
corresponding to the largest distance probed from the cen-
tral axis of the active region, i.e., x0 ∼= 12 µm across the
linescan reported in Figs. 3(a) and 3(c). Indeed, according
to the results of three-dimensional FEM simulations of the
stress-field strength [75] in the same geometry [Fig. 4(a)],
such a distance is sufficient to probe a region with a neg-
ligible stress field. The zero-field splitting was therefore
evaluated as D0 =D(x= x0)= (2872.9± 0.2) MHz. The
local stress-induced shift was then derived for the whole
linescan as 	(x)= [D0 −D(x)]/k||, and resulted in a <0.25
GPa tensile stress at the central position of the active region
[Figs. 3(c) and 8(d)].
The mechanical stresses building up in the active region
are due to two effects, i.e., (i) the constrained volume
expansion of the graphitic microelectrodes with respect to
the surrounding diamond matrix, and (ii) the volumetric
expansion of the defective region surrounding the same
microelectrodes. These two mechanisms induce, respec-
tively, a compressive and a tensile stress in the active
region of the device, and their concurrent effect was numer-
ically modeled by performing three-dimensional finite-
element simulations, as described in Ref. [75]. The simu-
lated volume is shown in Fig. 7. The following mechanical
parameters were adopted for diamond and amorphous car-
bon, respectively: mass densities ρd = 3515 kgm−3 and
ρaC = 2060 kgm−3, Young’s moduli Ed = 1220 GPa and
EaC = 21.38 GPa [76,77]. The defective diamond region
between the electrodes shown in Fig. 1(d) is assumed,
in a first approximation, to contain a vacancy density of
λ= 1019 cm−3 (i.e., a reduction of three orders of mag-
nitudes with respect to the graphitization threshold) due
to irradiation with stray ions, as well as vacancy diffusion
resulting from an incomplete recovery of the crystal struc-
ture after annealing. The vacancy density decreases along
the x direction, until it becomes negligible at a significant
(i.e., ∼10 µm, corresponding to roughly twice the size of
the ion microbeam) distance from the nominally irradiated
region where the graphitic electrodes are formed. The local
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mass density and Young’s modulus of the defective region
of interest can thus be described by a semiempirical model
taking into account damage saturation effects [75]:
ρ(x) = ρd − (ρd − ρaC)
(
1 − exp
[
− λ(x)
γ (1 − ρd/ρaC)
])
,
(B2)
where γ = 1.77× 1023 cm−3 is the atomic density of dia-
mond, λ(x) is the vacancy density, and
E(x) = Ed
(
1 − κ
[
−ρ(x)
ρd
])
, (B3)
where κ is an empirical constant [75]. The density decrease
due to irradiation generates a constrained expansion of the
implanted volume, which is only partially counterbalanced
by the expansion of the surrounding graphitic electrodes,
resulting in residual strains in the i= x,y,z directions given
by
εi(x) = 3
√
ρd
ρ(x)
− 1. (B4)
Figure 7(a) shows a color-encoded map of the cor-
responding FEM-calculated internal volumetric stress
σV = (σ 2x + σ 2z + σ 2z )1/2 in the material. The stresses reach
relatively high compressive values (∼5 GPa) close (i.e., at
<1 µm) to the electrodes, where the largest density mis-
match occurs, and smaller (<1 GPa) tensile values at the
center of the active region of the device. The estimated
vacancy-density distribution along the dotted white line
in Fig. 9(a) is shown in Fig. 9(b), and the corresponding
stresses are shown in Fig. 9(c) (the curve labeled as FEM).
In particular, the calculated tensile stresses along the dotted
line are in satisfactory agreement (at least from an order-
of-magnitude point of view) with those that were experi-
mentally derived from the D(x) frequency shift along the
linescan reported in Fig. 3(c) (Exp in the plot), confirming
the validity of the assumed vacancy distribution.
The contribution of the stress field to the reso-
nance splitting was then experimentally determined as
d⊥F⊥(x)= k⊥	(x), as described in the following. The
coupling constant k⊥ = 1.93MHzGPa−1 was derived from
the experimental data reported in Ref. [46], where the
ODMR splitting as a function of the applied stress field
is evaluated in a sample that has the same crystallographic
orientation as the substrate investigated in this work. The
fitting of the data reported in Ref. [46] (Fig. 3, 0.01–0.5-
GPa range) was performed after suitable removal of the
environmental magnetic field (which was assumed to cause
the resonance splitting at the minimum stress value of
0.1 MPa), according to Eq. (A3). Such estimation of the
coupling constant k⊥ enabled the local evaluation of the
stress contribution to W, while the stress field 	(x) was
determined by the measured resonance shift D(x). There-
fore, it was possible to subtract this contribution from the
experimental ODMR data according to Eq. (B1), as well
as to identify the background magnetic field at the central
position of the junction, having set E⊥ = 0 [see Appendix
B(1)].
3. Temperature effects
Temperature variations affect the fine structure of the
N-V center through the thermal expansion of the lattice
constant, resulting in the creation of an additional strain
field besides that associated with induced structural dam-
age [49]. While the ODMR experiments were performed
at room temperature, the Joule heating associated with
the current flow in the active region could, in principle,
induce a local temperature increase. To test this hypothe-
sis, the D - D0 shift (i.e., the contribution to the resonances
shift resulting from mechanical stresses) was investigated
in the ODMR spectra acquired during the 0–350-V volt-
age sweep reported in Fig. 3(b). Since this data set was
acquired at a fixed position, any voltage-dependent trend
in the ODMR resonances shift would not be affected by
damage-induced stress contributions. None of the D values
displayed any significant dependence on the applied bias
voltage, i.e., on the current injected into the junction, since
they ranged within ∼2MHz around the 2872.1-GHz value.
This variability imposes an upper limit on the temperature
variation of ∼30 K [49].
4. ODMR mapping of internal stresses
Figures 8(a) and 8(b) display the maps of the zero-field
splitting D evaluated from the ODMR resonances under an
external applied bias voltage of 0 and −25 V, respectively.
The difference between the zero-field splitting values D
acquired in the two maps shown in Fig. 8(c) indicates
values close to zero within the limits determined by the
∼2-MHz FWHM of the ODMR dips. As the shift is sen-
sitive only to electric and stress fields [see Eq. (A1)], the
observation that the D parameter is insensitive to changes
in the applied bias voltages indicates that the spatial dis-
tribution of its shift values is primarily determined by the
internal stress fields. Thus, the same procedure adopted for
the analysis of the voltage-dependent ODMR spectra dis-
cussed in Secs. III B and III C and in Appendixes B 1–B
3 allowed the mapping of the internal tensile stresses [Fig.
8(d)], with typical values in the 0.2–0.3-GPa range, in sat-
isfactory agreement with the results obtained from FEM
simulations of the mechanical deformations of the sample
[see Appendix B(2)].
APPENDIX C: DEVICE-FABRICATION DETAILS
1. Ion-beam fabrication of graphitic electrodes
The electrodes were fabricated in a planar geom-
etry using a 6-MeV C3+ beam. An ion fluence of
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∼4× 1016 cm−2 was chosen to overcome the graphitiza-
tion threshold of diamond [(6–9)× 1022 cm−3 for deep
MeV ion implantation [37,38] ]. The amorphized layer at
the end of the ion range was converted to a graphitic phase
by a subsequent thermal annealing performed at 950 °C for
2 h (pressure <6× 10−4 Pa).
2. PL and ODMR measurements
Measurements were performed using a confocal micro-
scope [15] with 515-nm laser excitation. The luminescent
emission reported in the PL maps and ODMR spec-
tra was acquired in the 650–800-nm spectral range. CW
microwave excitation was sourced by a Cu wire (∅ ∼30
µm) placed on the sample surface at a distance of ∼25 µm
from the active region. The acquisition of ODMR spec-
tra required a ∼5-min acquisition time at each individual
point. Therefore, the experimental data discussed in this
work are limited to the stationary electric-field distribution
resulting from the charging of long-lived carrier traps.
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